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Abstract
Recent observations of extended pseudorapidity correlations at the LHC in
p+p and p+Pb collisions are of great interest. Here we present related re-
sults from d+Au collisions at PHENIX. We present the observed v2 and
discuss the possible origin in the geometry of the collision region. We also
present new measurements of the pseudorapidity dependence of the ridge in
d+Au collision. Future plans to clarify the role of geometry in small collision
systems using 3He+Au collisions are discussed.
Keywords:
The highly asymmetric nuclear collisions d+Au and p+Pb have been stud-
ied at ultra-relativistic energies primarily to establishing a baseline of cold
nuclear matter effects for in heavy ion collisions. In 2003 measurements from
RHIC [1, 2, 3, 4] conclusively established that the jet quenching observed at
RHIC [5] was due to a final state effect in the hot nuclear matter rather than
an initial state effect.
In heavy ion collisions at both RHIC and the LHC the properties of the
matter are understood to be described by hydrodynamics with a very small
sheer viscosity to entropy density ratio, η/s [6]. The η/s is constrained via
measurements of Fourier coefficients of the azimuthal distribution of particles
(vN where N is the order of the Fourier coefficient). Measurements of the
particle pair correlations in heavy ion collisions have been well described by
products of the same vN [7, 8]. One prominent feature of these correlation
functions is the so-called ridge a long range in pseudorapidity, small ∆φ
correlation resulting from the sum of positive vN correlations around ∆φ = 0.
Surprisingly, a similar long range correlation was seen in very high multi-
plicity p+p collisions at the LHC [9] where a hydrodynamical system was not
generally expected to be created. Recently, at the LHC a double ridge struc-
ture has been observed also in p+Pb collisions at 5.02 TeV [10, 11]. Once the
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jet and dijet correlations were subtracted out the residual distribution was
largely described by a cos 2∆φ modulation. Extractions of v2 resulted in val-
ues with a similar magnitude to those in heavy ion collisions [10, 11], which
was suggestive of a similar hydrodynamic origin. However, such correlations
were also expected from the Color Glass Condensate model [12].
Given these exciting discoveries at the LHC, it was of course natural to
ask if such effects could be seen in d+Au collisions at RHIC and what could
be understood about the physical origin of these effects from the comparison
between RHIC and LHC measurements. A large sample of d+Au collisions
at
√
sNN = 200 GeV was taken in 2008. Here report on measurements by
the PHENIX collaboration using that data.
1. Midrapidty Correlations
PHENIX has measured charged hadron azimuthal angular pair correla-
tions in central (the top 5% of centrality) and peripheral (50-88% centrality)
d+Au events at
√
sNN = 200 GeV. The correlations for a selection of pT
combinations are shown in the left panel of Fig. 1. The trigger particle is al-
ways 0.5< pT <0.75 GeV/c and partner particle pT (pT,a) is varied. In order
to reduce same side jet contributions a ∆η separation greater than 0.48 is
required between the particles. The difference of the central and peripheral
correlations, ∆Y (∆φ), is also shown. An extraction of the second Fourier
component, c2 is overlaid. The curve describes the data well. The c2 values,
as a function of the pT of the partner are shown in the right panel of Fig. 1.
c2 reaches a maximal value of about 1% at around pT,a = 1.5 GeV/c. Also
shown on the same Figure is the third Fourier coefficient, c3; this is consistent
zero in the measured pT range. Predictions ∆Y at RHIC in the Color Glass
Condensate model have been made [17].
PHENIX lacks the pseudorapidity acceptance necessary to completely
suppress same side jet correlations (which are a small ∆φ and small ∆η
effect) in these correlations. In order to constrain the possible effects of jet
correlations in the observed signal we repeat the same procedure with d+Au
events generated with HIJING [20]. The results of this study are also shown
in the right panel of Fig. 1. c2 in HIJING is consistent with zero and much
smaller than that observed in the data. Additionally, we have tested the
sensitivity to the |∆η| cut used by varying it from the nominal 0.48 value to
0.36 and 0.60; no significant change in the extracted c2 value is observed. A
direct measure of the large ∆η correlations will be discussed in Sec. 2.
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Figure 1: (left) Azimuthal angular correlations between pairs of hadrons for different pT
and charge combinations. All hadrons are required to have |∆η| > 0.48. Open squares
are for the 5% most central collisions, open circles are for 50-88% centrality and the
solid points are the difference between central and peripheral, ∆Y (∆φ). The underlying
event has been subtracted via the ZYAM procedure [13]. Overlaid are curves showing the
correlations from the extracted c2 values from the ∆Y (∆φ) distributions. (right) c2 (red)
and c3 (green) values extracted from the ∆Y (∆φ) distributions. The c2 values from the
identical procedure applied to d+Au HIJING data is also plotted (open points) and is
consistent with zero. The c3 values are consistent with zero and with c3 determined from
a hydrodynamic calculation [14, 15]. Figures are from Ref. [16].
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Figure 2: v2 as a function of pT for midrapidity hadrons in the 5% most central d+Au
collisions. Also shown on the plot are hydrodynamic calculations from Refs. [14, 15, 18, 19].
Figure is from Ref. [16].
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Figure 3: v2/ε2 as a function of the midrapidity charged particle multiplicity in d+Au,
p+Pb, Au+Au and Pb+Pb collisions. The ε2 values are calculated within a Glauber
Monte Carlo. Default values represent the nucleons as point-like centers. Also shown are
results with the nucleons represented as Gaussians with σ = 0.4 fm (red dashed line) and
solid disks with radius of 1 fm (green dotted line). Figure is from Ref. [16].
The factorization assumption [21, 22, 7],
cN (pT,trig, pT,a) = vN (pT,trig) vN (pT,a) , (1)
is used to extract the single particle anisotropies, v2, which are shown in
Fig. 2. v2 rises with pT reaching a maximal value of about 15%. Also shown
on the plot are hydrodynamic calculations from three groups [14, 15, 18, 19].
All three calculations agree rather well with the data. Refs. [14, 15, 18] use
η/s = 0.08. The calculation in Ref. [19] is for ideal hydrodynamics.
Since the c3 values observed are not significantly larger than zero, it is
not possible to extract v3 (pT ) from the current data. However, it is possible
to turn a calculation for v3 (pT ) into c3 (pT,a), which is shown in Fig 1 for the
calculation in Ref. [14, 15]. The calculation agrees well with the data.
In order to investigate the possible relationship between the geometry
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of the collision system and the observed v2 we compare the v2 values (at
pT ≈ 1.4 GeV/c) scaled by estimates of the initial state second order ec-
centricity, ε2. The v2/ε2 values are shown as a function of dNch/dη at mid-
rapidity in Fig. 3 for d+Au, p+Pb, Au+Au and Pb+Pb collisions. The ε2
values are from a Glauber Monte Carlo calculation v2/ε2 is consistent be-
tween central d+Au and midcentral p+Pb (systems which have a similar
dNch/dη) despite the factor of 25 difference in collision energy. The ε2 value
in central d+Au collisions is approximately 50% larger than in in midcen-
tral p+Pb. v2/ε2 rises as a function dNch/dη and follows approximately a
common trend between the four collisions systems.
There are uncertainties within the Glauber Monte Carlo calculation on
the ε2 values. We have investigated the uncertainty due to the representation
of the nucleons within the calculation. The default values take the nucleons
as point-like centers. We have also investigated treating the nucleons as solid
disks with a radius of 1 fm and Gaussians with σ = 0.4 in d+Au and Au+Au
collisions. In d+Au collisions these variations change ε2 by approximately
30%. In Au+Au the effect is much smaller. One estimate is that there is a
factor of two uncertainty on ε2 in central p+Pb collisions [18].
2. Rapidity Separated Correlations
In order to investigate whether the correlations seen at mid-rapidity are
long range and if so, what the rapidity dependence is we have measured
correlations between mid-rapidity hadrons (|η| <0.35) and electromagnetic
energy in the Muon Piston Calorimeters [23]. These calorimeters sit on either
side of the interaction region at 3.1 < |η| < 3.7 (3.9) in the Au-going (d-going)
direction. With this large ∆η gap no same side jet correlations remain.
The azimuthal correlations for both the deuteron going and Au-going
MPC are shown in Fig. 4 as a function of centrality. In all cases the dominant
feature of the correlation functions is the peak at ∆φ=pi. This peak has
contributions from jet correlations and momentum conservation. In the d-
going correlations no near side correlations are seen at any centrality.
In the Au-going correlations, peripheral correlations look similar to those
observed in the d-going direction. However in central collisions a distinct
small ∆φ correlation is observed for the top 20% most central events. The
magnitude of the correlation relative to the peak at ∆φ=pi increases toward
more central events. This is the first observation of the ridge in d+Au col-
lisions. Work is ongoing to extract cN values from these correlations in the
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Figure 4: Azimuthal correlations between mid-rapidity hadrons and ET as measured in
the MPC in the d-going (left panels) and Au-going (right panels) direction. The centrality
selections are as noted on the plots.
presence of the large ∆φ correlation.
3. Future Investigations
While many of the existing measurements in p+Pb and d+Au are sug-
gestive of hydrodynamic behavior in d+Au collisions further investigations
of this surprising effect are certainly necessary. As discussed above, we see no
significant c3 in d+Au collisions. In the hydrodynamic description this is con-
sistent with the large c2 driven by the elongated shape of the deuteron and, as
discussed above, the c3 values extracted from the d+Au data are consistent
with zero and much smaller than v2. If the geometry of the deuteron drives
the observed v2 values then it should be possible to induce a large c3 (and
thereby a large v3) by using a projectile nucleus with a large ε3. PHENIX has
proposed running 3He+Au (or t+Au), d+Au and p+Au collisions at RHIC
in 2015 to understand the relationship between vN and geometry.
Fig. 5 shows the results of Glauber Monte Carlo calculations of 3He+Au,
d+Au and p+Au collisions. ε2 decreases with an increasing number of bi-
nary nucleon-nucleon collisions (Ncoll) in p+Au collisions while for d+Au
and 3He+Au collisions it increases up to a maximal value of approximately
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beam use proposal Run-15 request for p+Au @ 200 GeV with transverse polarization
The correlations are predominantly with low momentum particles and thus one requires a
large minimum bias data set. The large PHENIX data acquisition bandwidth would allow
an excellent measurement in d+Au and 3He+Au with one week of running for each with
a relatively low luminosity requirement. The new PHENIX detectors, not available during
the earlier Run-08 d+Au run, including the large tracking coverage VTX, FVTX, and the
new MPC-EX would make these an excellent data set for these studies with over 1 billion
events in each system, and more in p+Au with the running detailed before.
The projected luminosities (store average) for d+Au and 3He+Au are 28⇥ 1028 and 5⇥ 1028
cm 2s 1 respectively. For these measurements, only a tiny fraction of that luminosity is
required to saturate the minimum bias data acquisition bandwidth and achieve these one
billion event data sets.
Figure 3.15: left) Monte Carlo Glauber event display of a single 3He+Au event and the
energy deposit. The nucleon participant energy is distributed as a Gaussian with s = 0.4 fm.
(middle and right) Monte Carlo Glauber mean #2 (middle) and #3 (right) for p+Au , d+Au,
3He+Au collisions as a function of the number of binary collisions. The spatial moments are
calculated using the same Gaussian smearing.
Just as the d+Au collisions have a significant intrinsic #2 (elliptical shape), the 3He+Au
collisions have a significant intrinsic #3 (triangular shape). The question of whether these
two or three hotspots in deposited energy connect during the time evolution and result in
significant v2 and v3 is what these measurements can definitively answer. In Figure 3.15 we
show an example single 3He+Au display with the energy deposit distribution assuming
Monte Carlo Glauber with smearing around each participating nucleon with a Gaussian
width of 0.4 fm. We also show the average #2 and #3 as a function of the number of
collisions for all three systems. Note that we are working with James Shepard (Colorado)
and David Dean (ORNL) for a full 3-body model of the 3He case.
The exact total running time for all these related p+A, d+A, 3He+A requests depends
on how quickly the accelerator is able to achieve the p+Au projected luminosities and
switching time between species. The prioritization of running after the p+Au @ 200 GeV
running is something we expect to be further informed over the next year from new RHIC
and LHC results and rapidly progressing theoretical developments.
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Figure 5: (left)An event display of a 3He+Au collision as simulated in a Glauber Monte
Carlo. The nucleons are models as Gaussians with σ=0.4. The outlines of the nucleons
are shown as circles and the c lor axis shows the Glauber i itial energy density. (middle)
ε2 as calculated in a Glauber Monte Carlo as a function of Ncoll for p+A (black), d+Au
(red) and 3He+Au (blue) collisions. (right) ε3 as a function of Ncoll. Colors are as in the
middle pan l.
0.4. For ε3
3He+Au collisions reaches 0.25 at about 10 collisions and remains
approximately constant for all more central collisions. In the 0-5% central
d+Au collisions studied here the mean Ncoll value is about 18, thus the ε3
value in central 3He+Au collisions ill be approx mately 40% bigger than in
d+Au collisions.
Addition lly, in the 2015 run PHENIX will have additional tracki g pro-
vided by the silicon vertex detectors. This will provide not only increase ∆η
coverage around midrapidity, but also increased hadron acceptance leading
to more pr cise measurements. Thus, it will b p ssible to determine whether
the increased ε3 in
3He+Au collisions leads to a correspondingly large v3 as a
conclusive test of the role of geometry in generating the vN observed in p+A
and d+A collisions.
4. Conclusions
Over the past year, there has been much excitement around the novel
effects observed in p+Pb and d+Au collisions. We have presented PHENIX
results on the d+Au v2 at midrapidity and shown new results using our
MPC detector which provide the first evidence for long range (∆η ≈ 3.5)
correlations at small ∆φ in d+Au collisions. We have also discussed future
plans to constrain the role of geometry in small collision systems by varying
the shape of the projectile nucleus to significantly vary the ε3 value of the
collision region. The collision system variation possible at RHIC make feature
studies in this direction extremely exciting at RHIC.
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